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Introduction
The Asian summer Monsoon (ASM), an essential part of the global climatic system, plays an important role in the global hydrological and energy cycles (Ding et al., 2005) . Two subsystems of the ASM, East Asian summer monsoon (EASM) and Indian summer monsoon (ISM), not only interact with each other, but also are independent of each other, providing the majority of rainfall to the most densely populated areas of China . However, the ASM can vary significantly in different regions, simultaneously creating harmful periods of flood and drought across China. Unraveling the nature of the ASM variability and its forcing mechanisms is, therefore, essential both to understand the background of its present environment and hydroclimatic conditions, and to effectively predict future climate changes under the projected global warming scenarios (e.g., Huang et al., 2003; Ding et al., 2005; Wang et al., 2013) .
Speleothems are as one kind of the most important natural archives mainly due to the advantages of absolute chronology (Wang et al., 2001 Yuan et al., 2004; Shen et al., 2012; Cheng et al., 2016) . Previously published high-resolution stalagmite δ 18 O sequences from southwestern China revealed that the ISM abruptly intensified after the end of Younger Dryas (YD), reached its maximum strength during the early-middle Holocene, and then decreased gradually over the past several thousand years Dykoski et al., 2005) . This pattern closely follows the evolution of the Northern Hemisphere summer insolation (NHSI), and also agrees with earlier studies, indicating that the ISM intensity is closely related to the NHSI (Overpeck et al., 1996; Fleitmann et al., 2003; Gupta et al., 2003) . Fleitmann et al. (2007) further inferred that the movement of the Intertropical Convergence Zone (ITCZ) induced by the changing NHSI might be the forcing mechanism driving the ISM variability.
On the other hand, the variability of the EASM during the Holocene as reconstructed from aeolian deposits (Lu et al., 2005; Li et al., 2006) , peat and lacustrine sediments (Xiao et al., 2002 (Xiao et al., , 2004 Jiang et al., 2006; in northern China showed different scenarios. For example, three sediment sequences respectively from Jinbian swamp (Xiao et al., 2002) , Gonghai and Daihai Lakes (Xiao et al., 2004) , and two aeolian records from the Mu Us and Otindag dune fields (Lu et al., 2005) along the northernmost reach of present-day EASM (Fig. 1a) show that the monsoonal precipitation did not reach its maximum until ~8 thousand years ago (ka BP, before 1950 AD), and then began to decrease rapidly after ~4 ka BP. A lake-level sequence from Dali Lake in northern China yet reveals that the EASM precipitation reached the maximum during the early Holocene (11-6 ka BP) and then abruptly weakened after 6 ka BP (Goldsmith et al., 2017) .
Similar patterns were recorded by Bayanchagan and Yiema lakes in northern and northwestern China (Fig. 1, Jiang et al., 2006; Chen et al., 1999) . At Duowa site in the western Loess Plateau, large sedimentation rates of the Holocene loess record suggest three discontinuous humid intervals: (1) from ~11.5 to 10 ka BP, (2) from ~8 to 6 ka BP, and (3) the wettest period from ~5 to 2.4 ka BP (Maher and Hu, 2006) . Although
Chinese stalagmite-inferred weakening monsoon events are coherent with the Holocene ice-rafting events [so-called Bond Events (Bond et al., 1997) ] in the North Atlantic Dykoski et al., 2005) , regional hydrologic changes of the ASM may be, to some extent, heterogeneous across the monsoonal China (Chen J et al, 2015; Dong et al., 2015) . Such contradictory views of the Holocene ASM changes raise the questions of: (1) . New records allow us to reconstruct a detailed EASM history with a unique focus on the latitudinal time-transgressive nature of the late-Holocene aridity at the end of the Holocene Optimum. We further discover the different regional responses of the ASM precipitation between 9.5 and 8.1 ka BP across the monsoonal China and identify the possible forcing mechanisms regulating regional hydrological changes therein.
Study site
Modern hydroclimate in northern China is strongly influenced by Asian monsoon and characterized by warm-wet summer and cool-dry winter. At the nearest meteorological station, Yangquan (Fig. 1b) , the average monthly temperature (AD 1970 (AD -2000 shows a maximum of 24.0 ºC in July and a minimum of -3.4 ºC in January with the annual mean temperature of 11.2 ºC (Fig. 2) , and the annual mean precipitation is 515 mm and 73% of that falls between June and September during the EASM season.
Lianhua Cave (38º10'N, 113º43'E), at an elevation 1200 m, is located in the west flank of Taihang Mountain, semi-arid Shanxi Province, in northern China (Fig. 1) .
The cave, with a narrow entrance of 0.5 m in diameter and 250-m long passage, is overlain by 50-m Ordovician limestone of the Ma-Jia-Gou Group (Qian, 1960) . A 20-m wide, 15-m high chamber, is located at the end of the cave and abundant with a variety of fossil speleothems, including stalagmites, stalactites and flowstones.
Relative humidity in the deepest chamber is 98-100%. A cave temperature of 11 ºC matches ambient annual mean ground temperature. The densely-forested vegetation above the cave consists primarily of temperate deciduous broadleaf trees.
Samples and methods
Six calcite stalagmites were collected from Lianhua cave (Table 1) , among which three (LH4, LH5 and LH9) have been reported previously by Dong et al. (2015) . Sixteen subsamples of the three newly-collected stalagmites (LH1, LH6, and LH30), 100-200 mg each, were drilled for U-Th chemistry (Shen et al., 2003) and 230 Th dating (Shen et al., 2002; . Uranium-thorium isotopic measurements were performed on a multi-collection inductively coupled plasma mass spectrometer (MC-ICP-MS), Thermo Finnigan NEPTUNE, in the High-precision Mass Spectrometry and Environment Change Laboratory (HISPEC), Department of Geosciences, National Taiwan University (Shen et al., 2012) . A gravimetrically calibrated (Cheng et al., 2013) A statistical regression approach RAMPFIT (Mudelsee, 2000) , a weighted least-square method that determines a ramp between states of a certain record, was employed to Lianhua cave  18 O records to estimate the timing, duration and transition of monsoonal events.
Results

Chronology
Uranium-thorium isotopic compositions and 230 Th dates of all stalagmites are listed in Table 1 . Linear interpolation between 230 Th dates, in a stratigraphic order, was used to develop the age models. Age-depth plots are given in Figure 3 . The chronological results show that stalagmite LH1 deposited from 2.8 to 0.2 ka BP, LH6 from 3.6 to 2.9 ka BP, and LH30 from 5.0 to 2.4 ka BP with a hiatus between 4.3 and 3.3 ka BP. The calculated growth rates are 24-283 μm/year for LH1, 43 μm/year for LH6, and 18-88 μm/year for LH30, respectively.
Oxygen isotope records
The sound evaluation of Lianhua cave  18 O records, using Hendy Test (Hendy, 1971) and Replication Test (Dorale and Liu, 2009 ) by Dong et al. (2015) , has demonstrated that stalagmites deposited under oxygen isotopic equilibrium conditions and had insignificant kinetic fractionation. The  18 O records of our five stalagmites, for example, match each other over the contemporaneous growth periods within the dating error (Fig. 4) . The only exception is the LH30  18 O record, which is 0.6‰ more depleted in 18 O than other records (Fig. 4 ). Systematic differences between coeval stalagmite  18 O records within the same cave were reported before, such as in Hulu (Wang et al., 2001) , Dongge and Huangye (Tan et al., 2011) caves in China. Fairchild et al. (2006) suggested that these offsets should be attributable to prior calcite precipitation in different water flow paths. By a shift of -0.6‰, a good overlapping between LH30 and our other records (Fig. 4 ) supports previous arguments of that the stalagmite  18 O records can still preserve the original hydroclimatic signals (e.g., Wang et al., 2001; Yuan et al., 2004; Tan et al., 2011; Dong et al., 2015) .
Early studies from southern China showed that changes in Chinese cave stalagmite  18 O mainly recorded variations in summer monsoon intensity on decadal to orbital scales (e.g., Wang et al., 2001 Wang et al., , 2005 Yuan et al., 2004; Cheng et al., 2009a) .
However, some traditional paleo-moisture (or precipitation) proxies and model simulations suggested that Chinese cave stalagmite  18 O should more likely reflect changes in moisture sources and/or water vapor pathways, and it may not be considered as a reliable indicator of the strength of the ASM (Maher, 2008; LeGrande and Schmidt, 2009; Pausata et al., 2011; Liu et al., 2015 Liu et al., , 2017 . Recently, Cheng et al.
(2016) extended the early ideas presented in the original studies (Wang et al., 2001; Yuan et al., 2004) and further clarified that the stalagmite  18 O-inferred ASM variations reflect a mean state of summer monsoon intensity or integrated moisture transport rather than the amount of local precipitation. In other words, a higher proportion of regional ASM rainfall and/or higher spatially integrated monsoon rainfall between the tropical monsoon sources and the cave site would result in more negative local stalagmite  18 O. This interpretation is supported by a modeling study (Liu et al., 2014) and an empirical study (Orland et al., 2015) , which suggested that local stalagmite records represent proxies of EASM intensity in northern China. More importantly, at Dali Lake, located ~600 km north of Lianhua Cave, a lake-level record regarded traditionally as a typical proxy of the EASM intensity, is highly correlated with Lianhua Cave  18 O records on precessional and millennial timescales (r 2 = 0.8, see Fig. 3 of Goldsmith et al., 2017) . Higher Dali lake levels correspond to depleted cave deposits isotopic compositions, and vice versa. On the basis of theoretical, empirical and model studies, we interpret Lianhua Cave stalagmite  18 O records as qualitative proxies for regional precipitation and intensity of the EASM (at least in northern China), with lower values expressing a stronger EASM, and vice versa.
Our spliced stalagmite δ 18 O records range from -7.2‰ to -11.3‰ (Fig. 4) . The Cave from southern China (Fig. 1a) is given in Figure 5 . The recovery of the YD at 11.5 ± 0.05 ka BP in Lianhua record matches ones in Sanbao and Dongge time series within dating error. Different regional monsoons generally reached their maximum intensities at the early-middle Holocene, followed by a gradual weakening trend until late Holocene (Fig. 5 , Table 2 ). This consistence supports that insolation is the primary driver controlling the entire ASM hydroclimate (e.g., Cheng et al., 2016) . The maximum of summer insolation occurred at around 9 ka BP in the Northern
Hemisphere (Kutzbach and Gallimore, 1986) (Mudelsee, 2000) , was used to objectively determine the onset timing of the late-Holocene drought for each cave record across the China. The dataset and results are listed in Table 2 , and the statistically calculated RAMPs are plotted in Fig. 5 . The combined Lianhua record indicates that the EASM rapidly retreated southwards between 6.5 and 4.0 ka BP, resulting in a serious late-Holocene aridity occurring in the studying region after 4.0 ka BP (Fig. 5b) . This drought interval is also well documented in other proxies and/or archives on/around the Loess Plateau in northern China. For example, a well-dated closed-basin lake level record in northeastern China spanning the period from 0 to 16 ka BP indicates the EASM minimum occurred during the late-Holocene from 4.0 ka BP to the present (Fig. 5a ). This is generally consistent with the increased probability of eolian-land activity from 3.2 ka BP to the present based on 89 optically stimulated luminescence (OSL) dates of eolian sand samples collected from four major sandlands located along the modern monsoon border in northern China . Our results are also in broad agreement with many pollen records from the Chinese Loess Plateau area that demonstrate the occurrence of relatively dry conditions from 4 ka BP to the present (Xiao et al., 2004; Zhao et al., 2009) . By contrast, the ASM over central and southwestern China gradually retreated from 7.0 to 2.0 ka BP (Fig. 5d, e (Fig. 5f , Chen et al., 2014) . Similar results were also found in the ISM influenced regions (Fleitmann et al., 2003; Gupta et al., 2003; Hong et al., 2003) . Accordingly, we suggest that the late-Holocene aridity occurred most likely at 4.0 ka BP in northern China, while it might begin later at 2.0 ka BP in the central and southern China (Fig. 5) .
The spatial heterogeneity of summer rainfall across monsoonal China is well known with modern observations, often described colloquially as "flood in the south and drought in the north", or "drought in the south and flood in the north" (Hu and Feng, 2001) . Summer precipitation could have a "− + −" or "+ − +" spatial pattern in southern, central, and northern sectors of China (Ding et al., 2008) . Our findings also support the idea about the north-south asynchronous changes of the ASM at the end of the Holocene Humid Period across China (Zhao et al., 2013; Zhang et al., 2017) . The observed latitudinal heterogeneity of hydroclimate conditions across monsoonal China over the recent decades and in the Holocene suggests that the ASM variability should be more complicated than previously thought.
This asynchronism could be related to the different regional responses to the coupling among the EASM, ISM, and the NHSI forcing, and also the differences in thermal forcing due to complex geographical configuration Cai et al., 2010) . As a subtropical monsoon system, the EASM is not only influenced by NPSH, where the EASM rain belt is co-located at the northwestern boundary Huang et al., 2003; Tan et al., 2016) . Meanwhile, the sea surface temperature (SST) gradient between the west and east tropical Pacific Ocean as compiled in Koutavas et al. (2012) suggests that an E1Niño-like condition should have prevailed during the late Holocene (Tan et al., 2016) . A rapidly decreasing of the SST gradient between 5.5 and 4.0 ka BP (Fig. 6 of Koutavas et al., 2012) could result in weaker Walker and Hadley circulation and a southward shift of the NPSH, which could move the associated rain belt southward into central and southern China, and later into the tropical western Pacific warm pool. The whole process rapidly weakened the EASM precipitation in northern China (Huang et al., 2003; Wang et al., 2013; , corresponding to increased δ 18 O values in our Lianhua cave records. On the other hand, changes in the Pacific thermal condition cannot modulate the intensity of the ISM because it gradually decreases in response to orbitally-driven southward shift of the ITCZ from 7.0 ka BP (Fleitmann et al., 2003 (Fleitmann et al., , 2007 Chen et al., 2014) . After 2.7 ka BP, a further southward retreat of the ITCZ could displace the ASM front out of the mainland China, resulting in complete arid conditions across the whole monsoonal China (Lézine et al., 2017) .
A millennial-scale weakening monsoonal intensity at 9 ka BP in northern China
The Holocene Optimum in East Asian territory, as proposed by An et al. (2000) , was considered as a peak in precipitation or moisture in monsoonal China during the Holocene. For example, the prevailing summer monsoon is revealed in stalagmite records (Fig. 5d, 5e ) of Sanbao Cave in central China, and Dongge Cave in southern China (Fig. 1) . However, a long-time anomalous climatic reversal is clearly recorded by the Lianhua δ 18 O records, which are characterized by the 18 O enrichment of ~1‰ between 9.5 and 8.1 ka BP (Fig. 6b) . Near Gonghai Lake, located 50 km northwest of the Lianhua Cave (Fig. 1) , the concentration of broadleaf trees has obviously declined, which inferred the regional annual precipitation decreased by ~80 mm from 9.5 to 8.5
ka BP (Fig 6d, . Further north from our cave, a proxy from Dali Lake (Fig 6a, Goldsmith et al., 2017) also suggests that the lake-level obviously has declined by ~10 m, possibly associated with a relatively weakened summer monsoon at this interval. Within our dating uncertainties, three independent proxies (Fig. 6a, b, d) all show a reduction in monsoon intensity during this interval, implying that this weakening is of large-scale in the space, rather than a localized event in the arid and semi-arid region of northern China.
Another striking feature of this weakening event is its asymmetrical temporal structure, showing a gradual initiation (~200 yrs) at 9.5 ka BP, and an abrupt recovery (< 50 yrs) at 8.1 ka BP (Fig. 6j) . During this 1400-yr interval, regional hydroclimatic conditions obviously deteriorated, and attained the culmination at the 8.2 ka BP. This distinct asymmetrical temporal structure is also clearly observed during the period of the YD event. The full transition into the YD, for example, took 380-yr according the layer-counted Qiantian cave record , and references therein), and the transition out of the YD only took about 20-yr according to Kulishu cave record (Ma et al., 2012 and references therein) . Moreover, the duration of the YD is ~1290-yr, very close to ~1400-yr of our interval. Such a good similarity between two weakening monsoon events may indicate the asymmetrical climatic features of the last glacial period could extend into the early Holocene because they are likely to share the same driving forces under similar glacial boundary conditions (Cheng et al., 2009b) .
Similar to the initialization of the YD, this weakening EASM event may be triggered also by a massive influx of fresh water into the North Atlantic region (Barber et al., 1999; McManus et al., 2004; , resulting in a slowdown of the Atlantic meridional overturning circulation, a rapid cooling of the North Atlantic, a southward shift of the ITCZ as well as a weakening of the EASM (Mayewski et al., 1997; Guo et al., 2000; Wang et al., 2005; ). An induced synchronous millennial-long drought occurred over the entire Asian summer monsoon region from 9.5 to 8.0 ka BP (Fig. 6 , Guo et al., 2000; .
However, different regions apparently experienced different arid conditions Chen J et al., 2015) . The reducing trend in stalagmite δ 18 O enrichment from north to south China (Fig. 5 and Fig. 6b, e-g ), in addition to previously published paleohydrological records from northern and southern China (Fig.6a, d and h ), suggest that droughts in northern China should be severer than in other regions, and that the severity should be relieved moving southward between 9.5 and 8.0 ka BP.
As previously reviewed by Mayewski et al. (2004) , the widespread, cold-dry climate interruption from 9.0 to 8.0 ka BP is unique among the Holocene rapid climate change (RCC) intervals, and it occurred at a time when larger Northern Hemispheric ice sheets were still present. The prominent enrichment as shown in the Lianhua δ 18 O record is very sensitive to the North Hemispheric high-latitude forcing and references therein) because it is much closer to the northwestern boundary of the ASM. The cold climatic conditions in the Northern Atlantic region would have promoted stronger Siberian High (Fig. 6c , Mayewski et al., 1997) , resulting in strong East Asian winter monsoon (EAWM) occurred at 10.0-8.0
ka BP, as recorded in Huguangyan Maar Lake, Guandong, southern China (Fig. 6i , Wang et al., , 2012 . However, during the early Holocene, the strengthening of the millennial-scale EAWM was unlikely to be as strong as during the glacial period, and would not have displaced the ASM front out of the Chinese mainland especially as the summer insolation was high in the Northern Hemispheric resulting in a strong ASM during the early Holocene (Fig. 5) . We speculate that the relatively strong EAWM event can induce a weakened EASM, and a southward shift of rainfall-belt in northern China, resulting in lower precipitation in northern China than in southern China (Fig. 6, yellow shade) .
Conclusions
We composed an absolutely-dated and high-resolution speleothem δ 18 O record for the entire Holocene in northern China. Our Lianhua records shows that the orbital forcing has dominated controls of hydroclimate changes, including a stronger EASM at the Holocene Optimum from 11.5 to 6.5 ka BP, and a subsequent multi-millennial weakening EASM, that broadly agrees with stalagmite records in central and southern China. However, a detailed comparison of our record to precisely-dated contemporaneous stalagmite records from other caves shows that: (1) the aridity was more severe in northern China than in southern China between 9.5 and 8.1 ka BP, which may be contributed to an intensified EAWM event during this interval; and (2) and LH9 have been reported by Dong et al. (2015) . 230 Th ages with 2 uncertainty are color-coded by stalagmite. (Berger, 1978) , and (f) Pollen-based annual precipitation reconstructed from Lake Xingyun, Yunnan Plateau, southwestern China . Light-gray bar denotes the Holocene Optimum, well related with the strong EASM interval between 11.6 and 6.5 ka BP. Heavy cyan lines illustrate the long-term trends as defined by RAMPFIT (Mudelsee, 2000) for the timing of the onset of the late-Holocene aridity across the monsoonal China. Nine-dot smoothed GISP2 potassium ion proxy for the Siberian High (Mayewski et al., 1997) .
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Percentage of broadleaf tree and its pollen-inferred annual precipitation in Gonghai Lake, northern
China . Stalagmites δ
18
O records from (e) Jiuxian (Cai et al., 2010) and (f)
Heshang (Hu et al., 2008) caves, respectively, in central China. (g) δ
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